Bismuth molybdate materials (α-Bi 2 Mo 3 O 12 , β-Bi 2 Mo 2 O 9 , and γ-Bi 2 MoO 6 ) are well-known in the field of catalysis due to their excellent activity for one of the most important industrial processes: the oxidation/ammoxidation of lower olefins. These processes play an important role in society since the production of one quarter of the most important industrial organic chemicals and intermediates (such as acrolein, acrylic acid, propylene oxide, etc.) used in the manufacture of industrial products and consumer goods is based on these reactions. Although the materials were developed since the 1960s, the topic still attracts many attentions; new catalysts with different additive elements to enhance catalytic activity are still explored. Advanced researches on bismuth molybdate-based catalysts have been performed not only with the change in composition but also in the synthesis methods. This book chapter summarizes recent researches on the development of bismuth molybdate-based catalysts with new achievements in catalysis field.
Introduction
Since they were developed by SOHIO company in 1959, bismuth molybdates have received a large attention owing to their high selectivity and activity for partial oxidation and ammoxidation of lower olefins to essential intermediate products for industrial applications. Aspects of these compounds such as structure, catalytic property, conductivity, etc. have been thoroughly investigated. Most studies are concentrated on the catalytic property of bismuth molybdates. Here, the reactions, the mechanism, and all related aspects have been explored although there are still a lot of controversies. Among many other selective oxidation catalysts, bismuth molybdates are the most extensively studied and serve as the basis for today's many highly active and selective commercial catalyst systems [1] . There are many kinds of bismuth molybdates with different Bi/Mo atomic ratios, but those which have been quite thoroughly investigated and exhibit good catalytic properties are in the range of composition Bi/Mo = 2/1-2/3.
Three phases of bismuth molybdates, α, β, and γ, exhibit good catalytic properties for oxidation of propylene. Their catalytic activities decrease in the following generally accepted order, Bi 2 Mo 2 O 9 (β) ≥ Bi 2 Mo 3 O 12 (α) > Bi 2 MoO 6 (γ), which is reported by many authors [1] [2] [3] [4] [5] . However, there are some authors who reported the opposite trend: γ ≥ β > α [6, 7] , β > (α = γ) [8] , α > β > γ [9] .
Catalysts based on bismuth molybdates can be divided into the following components:
Primary bismuth molybdate system: These catalysts are mixed oxide constituted from Bi 2 O 3 and MoO 3 at specified ratios as mentioned above.
Multicomponent bismuth molybdate system: These catalysts were developed by the modification of primary bismuth molybdates by replacing or adding other metal elements. The first replacement of half of the amount of the bismuth molybdate by iron in Bi 9 P 1 Mo 12 O 52 increased the catalytic activity for the ammoxidation of propylene noticeably. The Bi-Fe-Mo-O system consists of several different composite oxides including bismuth molybdate, iron molybdate, were also found to enhance the catalytic activity and selectivity significantly [4] .
The catalyst Bi 1-x/3 ϕ x/3 V 1−x Mo x O 4 , which form a solid solution with composition limits of bismuth vanadate, x = 0, and the α phase of bismuth molybdate, x = 1, attracted many attentions [10, 11] since it is a good system to investigate the diffusion of lattice oxide. The participation of the lattice oxide ion into the reaction is quite prominent in this catalyst system, but the degree of the participation depends on the catalyst composition.
Phase diagram of bismuth molybdates
To understand on the bismuth molybdate catalysts, it is necessary to explore the phase diagram of this system since three catalytic active phases of bismuth molybdates exhibit some unique properties. The phase diagram established by Egashira et al. (Figure 1 ) [12] is the most well known in literature. In this phase diagram, three main phases of bismuth molybdates can be found. 
The Scheelite (α) phase
The α phase has been reported to be stable in a large temperature range between room temperature and 650°C [13] . The α phase congruently melts at 650°C.
The α phase has a monoclinic structure (a = 0.789 nm, b = 1.170 nm, c = 1.224 nm, β = 116°20′) which was related to the Scheelite-type structure with space group P21/c.
The Erman (β) phase
This phase has the nominal composition Bi 2 Mo 2 O 9 (written in short as the 1/1 phase). The β phase is only stable in the relatively narrow temperature range of 665-540°C. The β phase is formed by the peritectic reaction of liquid MoO 3 with the high-temperature form of the γ phase at 665°C: (4) However, since the rate of reaction (Eq. 4) is very low, Bi 2 Mo 2 O 9 can exist even at room temperature as a metastable phase. There are two metastable modifications: β' and β" [14] . Phase diagram for the bismuth molybdate system by Egashira [12] .
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The β phase of bismuth molybdate which was first identified by Erman et al. [14] has an orthorhombic crystal structure with lattice parameters: a = 1.079 nm, b = 1.189 nm, c = 1.186 nm, and space group Pnmm or Pnm21.
The Koechlinite (γ) phase
This phase has the nominal composition Bi 2 MoO 6 (written in short as the 2/1(K) phase).
The high-temperature modification of this phase is indicated by γ´ -Bi 2 MoO 6 (2/1(H)). The intermediate metastable polyform between γ and γ' is γ" (or 2/1(I)). The formation of Bi 2 MoO 6 (H) from liquid is also due to a peritectic reaction as in the case of the β phase. The solid which takes part in this reaction is indicated to be the high-temperature form of 3Bi 2 O 3 . 2MoO 3 (3/1):
The high-temperature phase Bi 2 MoO 6 (H) is transformed into Bi 2 MoO 6 (K) at 600°C, but the rate of this transition is low so that Bi 2 MoO 6 (H) can exist even at room temperature [12, 15] .
Earlier reports by Zemann and Aykan [16, 17] showed that the crystal structure of natural koechlinite, Bi 2 MoO 6 , was orthorhombic, a = 0.550 nm, b = 1.624 nm, c = 0.549 nm, and space 
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group Cmca (D2h18); Van den Elzen and Rieck [18] reported the same lattice parameters but different space groups: Pca21.
The structure was described as alternate layers of (BiO ) n layer consists of deformed oxo-molybdenum octahedra, sharing four corners with neighboring oxo-molybdenum octahedra in the same layer perpendicular to the y direction. The molybdenum-oxygen bond distances in such a layer can be divided in two classes, the first with bond lengths of approximately 0.224 nm. The two other apical ions of the oxo-molybdenum octahedra point toward a (BiO = A layer, in crystals they will be connected via layers of oxygen anions denoted by O. Schematically, therefore, the schemata of three bismuth molybdate phases can be written as the following [8] :
• α phase=(BOAOAOAO)m.
• β phase=(BOAOAO)m.
• γ phase=(BOAO)m.
The structure of the γ phase can be seen in Figure 2 [19] . The position of bismuth and molybdenum atoms in the unit cell is shown together with their bonds to oxygen.
Synthesis of bismuth molybdates
Bismuth molybdates can be obtained via different methods, for example, co-precipitation [9, 20] , solid-state reaction [21] , spray drying [22] [23] [24] , hydrothermal [25, 26] , solution combustion [27] , and solgel route [28] .
Co-precipitation
The most popular method to prepare bismuth molybdates is co-precipitation. Almost all authors [7, 29, 30] [7, 31] . Precipitates are calcined at some given temperature, normally from 450 to 580°C.
Solid-state reaction
Another conventional method to prepare bismuth molybdate is a solid-state reaction from mixtures of bismuth oxide and molybdenum oxide powders [12, 29, 32] [33] at the temperature range of 500-650°C.
Solgel
This method is used by a few authors. Godard et al. [28] prepared bismuth molybdates by a citrate-based method from aqueous solutions of Bi 3+ and Mo
6+
and citric acid in equivalent amounts. Wildberger et al. [34] used an alkoxide method to prepare bismuth molybdates supported by titania. The gelation occurs at low temperatures and results in amorphous materials with unique morphology and extraordinary dispersion of the active compound. Bismuth molybdates are obtained by calcining these materials at about 500°C.
Solgel method was considered as an effective pathway to afford pure phases of these catalysts. However, it requires acidic conditions in general, which is harsh and less suitable for practical applications [28] . A solgel synthesis of bismuth molybdates as thin film has been reported at quite neutral pH conditions [35] , but the synthesis proved to be effective at different pH values. However, at neutral and basic pH conditions, it turns difficult to obtain pure phases of bismuth molybdates. The gelation process is considered to be entirely different at pH 1 and 5. With increasing content of bismuth, the formation of the impure Bi 2 O 3 phases turns more difficult to be avoided. Among different catalysts, sample Bi 2 Mo 3 O 12 synthesized at pH 5 displayed high conversion and selectivity. Additionally, it can be synthesized in more convenient manner, making it suitable for the applications in practical technical processes [36] .
Hydrothermal method
The hydrothermal method has been applied to prepare bismuth molybdates by Beale and Sanka [37, 38] . Stoichiometric amounts of acidified bismuth nitrate solutions were mixed with ammonium heptamolybdate dissolved in ammonium hydroxide. The pH of this mixture was adjusted to a specific range (2-6) before introducing this mother liquor into a Teflon-lined autoclave. The autoclave was placed in a preheated furnace (140°C) for several hours. After a specific period (20 h), the contents were washed and dried. Thus, this method requires very low temperatures (except the β phase which needs to be calcined further at 560°C) and results in high surface area (9-10 m 2 /g).
Spray drying
As known, bismuth molybdates can be prepared by conventional methods such as precipitation and solid-state reaction, which have been used for long and are widely applied for laboratory scale and industrial processes. However, pure bismuth molybdates prepared by conventional methods are not often obtained, and all commercial oxidation catalysts are multiphase [39] .
Spray drying was applied to synthesize many multi-metal oxides, which exhibit good characteristics [40] . Homogeneity, stoichiometry, uniformity of product size, hardness, and abrasiveness are advantages of spray drying. Spray drying can be applied to replace conventional synthesis methods, which opens interesting industrial applications. To synthesize bismuth molybdates, the precursor solution for spray drying was prepared from a solution of (NH 4 ) 6 Mo 7 O 24 and a solution of Bi(NO 3 ) 3 with the addition of few milliliters of concentrated HNO 3 in order to keep the Bi-salt dissolved. This precursor solution was spray dried using a laboratory spray dryer with a reasonable nozzle and feeding rate at a suitable temperature (about 200°C). Spray drying is one of the best methods to prepare pure phases of bismuth molybdates. It is a versatile method which is able to prepare mixtures of bismuth molybdates with desired Bi/Mo ratio in accordance with the phase diagram, which is very useful for preparing mixed catalysts with higher activity than the pure one owing to the synergy effect. Spray drying confirmed its reputation as a reliable method for the synthesis of pure catalysts [41] . Therefore, the XRD patterns of the spray drying bismuth molybdate samples with different Bi/Mo ratios (Figure 3 [42] ) are considered as the standard to determine the phase composition of these compounds.
Solution combustion
The solution combustion synthesis is a quite simple method and presents several advantages. It is based on highly exothermic redox chemical reactions between metallic compounds and nonmetallic ones. The first step of the solution combustion synthesis is the preparation of an aqueous solution of suitable metal salts, e.g., nitrates (bismuth nitrate, ammonium molybdate), because of their high solubility in water and the oxidizing potential of NO 3 − groups.
An organic molecule such as urea, glycine, hydrazine, or precursors containing a carboxylate anion is then added to form complexes with the metal ions. The organic molecule works as a fuel as its combustion enables to release a huge amount of heat in a short period of time. The final solution is then heated until reaching temperatures in the range of 300-450°C for a very short residence time to avoid sintering, which brings the solution to ebullition. The resulting mixture then becomes dry and in a matter of minutes ignites that sets off highly exothermic, self-sustaining, and fast redox reactions that generate a dry, usually crystalline, fine powder. The obtained powders can be calcined or not since the uncalcined powders are crystallized well already. The products possess a relatively high specific surface area. The rapidity of the method may also allow the formation of metastable phases [27, [43] [44] [45] [46] .
Selective oxidation of light hydrocarbons on catalysts
Selective oxidation and ammoxidation of hydrocarbons play an important role in society since the production of one quarter of the most important industrial organic chemicals and intermediates used in the manufacture of industrial products and consumer goods is based on these reactions [55] . Hence, they contribute significantly to the gross national products of industrial countries and afford future opportunities for developing countries. They also present opportunities for significant fundamental research.
The selective oxidation of light hydrocarbons, especially propylene, is the most significant and well-studied process. Its products include important intermediates such as acrolein, acrylic acid, propylene oxide, etc. The catalytic process was first discovered in 1948 by Hearne and Adams [47] with the use of cuprous oxide catalysts. In 1959 and in 1962, Idol [48] and Callahan [49] , respectively, improved the yield of the reaction with the discovery of bismuth molybdate catalysts. Shortly after that, this process was industrialized by SOHIO company and has then been developed and improved year by year by this company [3] . Drastic and empirical changes have been introduced to the catalyst composition and preparation as well as to the reaction process. As a result, the reaction yield has been increased over the past 40 years from 50% to over 80% [50] .
Reaction and products
Since selective oxidation of propylene is the most popular process among those of other light hydrocarbons, it is chosen to be described here as an example. The product of the reaction, acrolein, is formed from propylene in a two-step process through the allylic alcohol intermediate (Figure 4) . The second step is more exothermic (ΔH = −195.5 kJ, mol
) than the first one ), probably due to the stabilization energy of the conjugated electronic system of acrolein [4] .
By-products of this reaction are acrylic acid and carbon oxides in addition to minor products such as acetaldehyde, acetic acid, formaldehyde, and polyacrolein. The yield of acrylic acid is only 10% mol, while the yield of acrolein is more than 70%. If acrylic acid is to be obtained, it must be synthesized from the oxidation of acrolein in a second-stage reactor with a different catalyst [51] . Carbon oxides are the products of the complete oxidation of acrolein or acrylic acid as well as parallel complete oxidation of propylene [52] . Acetaldehyde and formaldehyde formation during the reaction is due to the oxidative breaking of the propylene C〓C bond:
Acetaldehyde and formaldehyde can also be oxidized further [4] .
In the industry, the reaction is carried out in a fluidized bed reactor to facilitate the heat transfer and allow good temperature control, which is important for maintenance of selectivity. The silica support provides mechanical stability for the catalyst in the abrasive environment of the fluidized bed. Pressures are low (about atmospheric) and temperatures are in the range 400-500°C [5] .
Catalysts
Catalysts which exhibit above properties for selective oxidation are usually mixed systems in which transition metal oxides of group B (most often Mo or V) are combined with oxides of groups IVA, VA, and VIA (Bi, Sb, Sn, P, Te) or group VIIIB (Fe, Co, Ni). Favored structures are scheelites, fluorites, rutiles, trirutiles, pyrochlores, and perovskites. Industrial catalysts contain as a rule small amounts of promoters: alkali or alkaline earth metals are commonly reported in the catalyst formula, and several other elements of variable valency and rare earth metals can be also found therein.
These catalysts can be divided into following system:
• Antimonate system included (i) the uranium antimonate system based on [54] . Although the in-tank acrylonitrile yields of the above antimonate catalyst compositions are respectable, they do not measure up to the productivities of the best molybdate catalysts. In addition, the antimonate-based catalysts are much more fragile than the molybdate-based systems under commercial operation. Therefore, it is imperative to operate the antimonate systems under rigidly controlled operating conditions, in order to prevent possible plant upsets and irreversible reduction which leads to the destruction of the antimonate catalysts. In contrast, the later-generation molybdate-based catalysts are almost indestructible and can easily withstand inadvertently plant upsets, including severe reductions. It is for these reasons that the complex mixed metal molybdates are currently the industrially preferred catalysts for the ammoxidation of propylene to acrylonitrile [55] . • The cuprous oxide system: Cu 2 O powder is obtained by CuO reduction at about 400°C. This system is more accurately defined as a multiphase (Cu-Cu 2 O-CuO) system. Consequently, it has proven to be very difficult to characterize. The catalyst undergoes changes in its bulk chemical composition, activity, and selectivity during oxidation of propylene; therefore, its activity is less stable than the other catalyst system. Anyway, the simple oxide Cu 2 O is reported to exhibit significant activity and selectivity and has been often chosen as a model catalyst for the determination of the involved reaction mechanism [4] . It was reported that catalytic activity of Cu 2 O catalyst system is lower than that of bismuth molybdate catalysts; therefore, the Cu 2 O catalyst is less popular [56] .
• Bismuth molybdate system: Catalysts based on bismuth molybdates are the most efficient class of catalyst for oxidation and ammoxidation of propylene and olefin. They are also most thoroughly investigated. This system will be described more detailed in the next section.
Mechanism of the reaction
Mechanism of selective oxidation of propylene to acrolein over bismuth molybdate catalyst was proposed by Burrington et al. [54, 57] (Figure 5 ). Details about active sites are shown in According to Burrington [57] and Grasselli [58] , initial chemisorption of propylene occurs on molybdenum dioxo groups bridged to bismuth-oxygen group 1, followed by allylic abstraction by Bi oxygens to form a π-allyl complex 2, which then undergoes C-O bond formation resulting in a σ-O-allyl molybdate 3, the acrolein precursor, and Mo(V) analog to Mo(VI) esters formed from allyl alcohol and Bi 2 O 3 .MoO 3 . Lattice oxygen removed from the catalyst during the surface oxidation of propylene to form acrolein must be replenished by gaseous oxygen in order to reconstitute the active site 1 and complete the redox cycle. Thus, the reaction occurs via a Mars and Van Krevelen mechanism in which propylene adsorbs reversibly and then reacts with an oxygen atom of the catalyst. This rate-limiting step leads to cleavage of one of the C-H bonds of the methyl group of the adsorbed propylene and results in the formation of an adsorbed OH group and a loosely adsorbed allyl radical that is rapidly stabilized as an adsorbed vinylalkoxide [59] . The sites for chemisorption and dissociation of gaseous oxygen molecule are spatially and structurally distinct from the active sites, at which adsorption and oxidation of propylene take places. These sites are singly coordinated unsaturated metal cations on the surface. These sites may reduce molybdenum cations because molybdenum is known to form various multivalent coordinate compounds containing oxygen and molybdenum is also stable in its lower valence states [60] . Therefore, the partially reduced catalysts are good catalysts (rule of "site isolation" [61] ).
This mechanism can be applied to explain the difference in activity noted in the three phases of bismuth molybdates. The γ phase and Bi 2 O 3 have too few chemisorption sites, while MoO 3 has no α-hydrogen abstracting sites, and, thus, these catalysts are the least active ones. The α and β phases have a favorable balance of these two sites necessary to effect the rate-determining first hydrogen abstraction. The multicomponent system possesses the greatest number of active surface sites having the proper structure and composition and a solid-state structure with the ability to rapidly reconstitute these surface sites with bulk lattice oxygen [1] . However, experiments using gaseous O
18
showed that 16% of the lattice oxygen in the α phase and 100% of lattice oxygen in the γ phase were involved in the formation of both acrolein and carbon dioxide at 430°C [6] . On the other hand, the layer structure of γ phase results in lowenergy pathways than the more closed parked structure of α phase so that oxygen anions can diffuse easier [1] ; for example, in the reoxidation cycle, γ phase can be more active than the others. These may support for the opposite observation of some authors about the order of catalytic activity of three phases.
Catalytic properties of bismuth molybdate system
The most popular industrial catalysts for selective oxidation of propylene are based on multicomponent metal oxides containing mainly Bi/Mo(W)-O phases modified by various metal elements such as Fe, Co, and Ni. Commercial catalysts introduced by SOHIO for the ammoxidation of propylene to acrylonitrile are summarized in Table 1 [50] .
These commercial catalysts, however, were developed based on the fundamental researches on basic types of bismuth molybdate catalysts.
Catalytic activity of different primary bismuth molybdate phases
Three phases of bismuth molybdates, α, β, and γ, exhibit good catalytic properties for oxidation of propylene. Their catalytic activities decrease in the following generally accepted order:
Although this order is reported by many authors [1, 2, 28, 60, 62] , there are some papers in which the opposite trend is stated: γ ≥ β > α [6, 7] or β > (α = γ) [8] or α > β > γ [9] , β > α > γ [41] , γ > α [63] . These reports, however, are not exhaustive, but it shows the large divergence of opinion. All these catalysts were not prepared in the same manner nor were the reaction conditions equivalent. In addition, some of the early results were reported on a per-gram basis and not per unit surface area. Some authors explain the higher activity of α and β phases compared to γ phase that α and β phases possess more molybdenum dioxo groups than γ phase does; for example, they possess more active sites for propylene chemisorption [41] . The higher activity γ phase compared to α phases was assigned for the facile oxygen mobility of γ [63] . Especially, the conflicting results on the activity of Bi 2 MoO 6 found in the literature were explained by a surface enrichment with bismuth during prolonged calcination or reaction, resulting in a deactivation of the catalyst.
Year
Catalysts Acrylonitrile yield (%) 
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It was found that the activity and selectivity of Bi 2 MoO 6 catalysts, in the selective oxidation of propylene to acrolein, are very sensitive to the presence of small amounts of excess bismuth. This excess leads to a surface enrichment with bismuth and thereby to a low-active and lowselective catalyst. However, such catalysts with a Bi/Mo slightly above 2 do show reasonable activities and selectivities after calcination at moderate temperatures and/or for a short period of time. These catalysts loose their activity after calcination at a higher temperature or for a longer period of time. This makes that the activity and selectivity of these catalysts are strongly dependent on the calcination time and temperature. The reasonable initial activities of catalysts with a Bi/Mo slightly above 2 are ascribed to relative low Bi/Mo ratios at parts of the surface after calcination for a short period of time. The excess bismuth merges with the active parts of the surface during calcination, leading to the deactivation of the catalyst. The sublimation of molybdenum from the catalyst may play a minor role in the deactivation process. The deactivated samples can be reactivated by reduction, while the activity of the active samples is hardly affected by reduction. This reactivation is a result of the formation of bismuth particles leading to a decrease in the Bi/Mo ratio at other parts of the surface. The deactivation during calcination and after reduction occurs at similar rates indicating that these deactivation processes are similar [64] .
Synergy effect in the mixtures of bismuth molybdates
The synergy effect is expressed as the enhancement of the catalytic activity when two or three phases are present in the catalysts. One of the best-known examples of the synergy effect is the cooperation between α and γ phases obtained by chemical decomposition at about 540°C of the β phase [9, 65, 66] . However, types of cooperation and explanations offered are different among authors ( Table 2) .
In general, due to the presence of the synergy effect in the mixtures of bismuth molybdates, the catalytic activity of these catalysts may be influenced strongly if the samples are not pure bismuth molybdate phases (alpha, beta, or gamma, corresponding to Bi/Mo ratios of 2/3, 1/1, and 2/1, respectively). Samples with other Bi/Mo ratios (Bi/Mo ratios of 1.5, 1.3, etc.) even exhibited higher activity since they are mixtures of these bismuth molybdate phases. Thus, the catalytic activity of bismuth molybdate samples depends significantly on the Bi/Mo ratio of the samples. Catalytic activity of bismuth molybdate samples with different Bi/Mo ratio is presented in Figure 7 [42].
The synthesis method also influences on the catalytic activity of bismuth molybdate catalysts since different synthesis methods may result in different purities of the catalysts and different surface areas. Samples synthesized by solid-state reaction and precipitation sometimes exhibit unexpected catalytic activity due to the formation of other unexpected bismuth molybdate phases and even MoO 3 or Bi 2 O 3 . Due to the presence of unexpected bismuth molybdate phases, the samples may possess the synergy effect which increase catalytic activity [68] .
Multicomponent bismuth molybdate catalysts
Synergy effect in the mixtures of bismuth molybdate phases may be one of the reasons for the plentiful researches on multicomponent bismuth molybdates. Many different metals have been added to bismuth molybdate to increase their activities such as Fe, V, Ni, Sn, Zr, etc. Multicomponent Ni Bismuth molybdenum titanium oxides containing 14 or 25 wt% of bismuth molybdate were prepared in a highly dispersed state by the solgel method. Their catalytic performance in propene oxidation to acrolein was studied. The increase in activity of BiMoTi oxides in propene
Authors

Type of cooperation Explanation
Matsuura et al. [62] α + γ in n-C4 = ODH Formation of a phase similar to β
Carson et al. [9] α + γ in n-C3 = Ox Decomposition of α or γ Weng et al. [67] α + various oxides in n-C4 = Ox Action of spillover oxygen Godard et al. [28] α + γ in n-C4 = ODH Dual role
Soares et al. [20] β + γ in selective catalytic oxidation of 1-butene The high oxygen mobility in the lattice of the γ phase that allows the migration of oxygen species from the γ to the β phase Le et al. [42] α/β + γ in the selective oxidation of propylene to acrolein High conductivity of γ + α/β possesses more active sites to absorb α-hydrogen atoms of propylene Jung et al. [63] α + γ in the oxidative dehydrogenation of C4 raffinate-3 to 1,3-butadiene A combination of the facile oxygen mobility of γ and the abundant adsorption sites of α for n-butene Table 2 . Explanation given in the literature for the cooperative effects between bismuth molybdates.
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oxidation as compared to that of bulk bismuth molybdate can be tentatively related to the stabilization of small aggregates of Bi-and Mo-containing phases due to the beneficial presence of the titania matrix. The catalytic performance of the samples is significantly depended on the crystal size of bismuth molybdate phase; an optimum size (23 nm) should exist to enhance the catalytic performance [70] .
Several investigations have shown that the apparent activation energy for propylene oxidation to acrolein can be reduced by the replacement of Mo by V for catalysts maintaining a scheelite structure with the composition Bi 1-x/3 V 1-x Mo x O 4 (x = 0-1), which was first reported by Sleight et al. in the 1970s [71] . Cesari and coworkers also obtained this compound, which forms a solid solution with composition limits of bismuth vanadate (x = 0) and the α phase of bismuth molybdate (x = 1) [72] . The authors found that the V 5+ ion in BiVO 4 can be replaced by Mo 6+ until x = 1, forming cationic vacancies without changing its original structure. Catalytic activity for the reactions producing both acrolein and acrylonitrile in the oxidation or ammoxidation of propylene increases drastically with increasing concentration of cationic vacancies of Bi 1-x/3 V 1-x Mo x O 4 . The lattice parameter changed regularly with x, and it was concluded that the replacement of vanadium by molybdenum atoms resulted in random vacancies of the bismuth cations in order to balance the difference in negative charges between the tetrahedral anion groups VO 4 3− and MoO 4 2− . The selectivity of the reaction is also improved with the degree of substitution to some extent [73] . It was also reported that the activation barrier for the rate-limiting step is well described by the band-gap of such catalysts, the activation energy decreases with the band gap [3] . Among the multicomponent metal oxide system Bi 1-x/3 V 1-x Mo x O 4, Bi 0.85 V 0.55 Mo 0.45 O 4 exhibited the highest catalytic activity due to combining a high ability to adsorb propylene and abstract α-hydrogen to convert propylene to incomplete oxidized organic compounds while having a high conductivity to allow mobility of lattice oxygen [74] .
Recently, an investigation of propylene oxidation was conducted over Bi, Mo, and V oxides having the aurivillius structure with the composition Bi 4 V 2-x Mo x O 11 + x/2 (x = 0-1). The activity of the aurivillius structure was compared with oxides having the scheelite structure. The aurivillius-phase catalysts again show a correlation between the apparent activation energy and the band gap of the oxide, and the only difference being that for a given band gap is that the apparent activation energy for the aurivillius-phase catalysts is 1.5 kcal/mol higher than that of the scheelite-phase catalysts. This difference is attributed to the lower heat of propene adsorption on the aurivillius-phase catalysts. A further finding is that for catalysts with band gaps greater than 2.1 eV, the acrolein selectivity is 75% for the conditions used and independent of the propylene conversion. When the band gap falls below 2.1 eV, the intrinsic selectivity to acrolein decreases rapidly and then decreases further with increasing propylene conversion. This pattern shows that when the activity of oxygen atoms at the catalyst surface becomes very high, two processes become more rapid-the oxidation of the intermediate from which acrolein is formed and the sequential combustion of acrolein to CO 2 [59] .
In the most recent work on multicomponent bismuth molybdate catalysts, other components including conductive materials (SnO 2 , ZrO 2 ) and nonconductive materials (MgO) were added to beta-bismuth molybdates (β-Bi 2 Mo 2 O 9 ). Comparison of the catalytic activities of these samples showed that the addition of a suitable amount (10% mol) of SnO 2 improved significantly the catalytic activity of beta-bismuth molybdate to an unprecedented high level for any known single bismuth molybdate catalyst phase or other highly active bismuth molybdate mixtures (bismuth molybdate with Bi/Mo ratio of 1.3). When adding ZrO 2 to beta-bismuth molybdate, the catalytic activity of the sample increases slightly. In contrast, adding MgO to beta-bismuth molybdate does not increase the catalytic activity of the samples (Figure 8) . SnO 2 was found to exhibit much higher conductivity than ZrO 2 , leading to bismuth tin molybdate catalyst also exhibiting high conductivity, while MgO is a nonconductive material. This is evidenced that the increase of the conductivity of the bismuth tin molybdate could be one of the reasons for the increase of their catalytic activity resulting in a synergy effect in its catalytic activity [75] .
Conclusions
Although bismuth molybdate catalysts have been studied and developed for many years, nowadays, they still attract many research interests worldwide not only due to the importance of the chemical processes that they catalyze in industry but also due to the interesting aspects raised during the researches such as the involvement of lattice oxygen during the catalytic processes or the synergy effects occurring in the mixtures of bismuth molybdate phases. There are many factors influenced on the catalytic properties of these materials including synthesis methods and addition of other elements on the multicomponent systems. The recent studies show that the addition of Sn or V in the basic bismuth molybdate catalysts increase significantly or the mobility of lattice oxygen or the ability to adsorb α-hydrogen in reacted hydrocarbons and, thus, increase their catalytic activity. The increase of surface area of bismuth molybdate catalysts using advanced synthesis methods such as hydrothermal, solgel, and solution combustion also contributes on the increase of catalytic activity. Catalytic performance of the recently developed bismuth molybdate-based catalysts generally reaches to more than 80% conversion of hydrocarbons and 75% selectivity of the desired products. However, the wish to increase selectivity and yield of desired products in these popular chemical processes will still continue to attract worldwide researchers to study to improve catalytic performances of these popular catalyst compounds. 
